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The Drosophila Hox gene Ultrabithorax controls appendage
shape by regulating extracellular matrix dynamics
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ABSTRACT
Although the specific form of an organ is frequently important for its
function, the mechanisms underlying organ shape are largely
unknown. In Drosophila, the wings and halteres, homologous
appendages of the second and third thoracic segments,
respectively, bear different forms: wings are flat, whereas halteres
are globular, and yet both characteristic shapes are essential for a
normal flight. The Hox gene Ultrabithorax (Ubx) governs the
difference between wing and haltere development, but how Ubx
function in the appendages prevents or allows flat or globular shapes
is unknown. Here, we show that Ubx downregulates Matrix
metalloproteinase 1 (Mmp1) expression in the haltere pouch at
early pupal stage, which in turn prevents the rapid clearance of
Collagen IV compared with the wing disc. This difference is
instrumental in determining cell shape changes, expansion of the
disc and apposition of dorsal and ventral layers, all of these
phenotypic traits being characteristic of wing pouch development.
Our results suggest that Ubx regulates organ shape by controlling
Mmp1 expression, and the extent and timing of extracellular
matrix degradation.
KEY WORDS: Drosophila, Extracellular matrix, Hox genes,
Matrix metalloproteinases, Ultrabithorax, Organ shape
INTRODUCTION
Animal species are characterized by particular morphologies that
distinguish them from other animals. The form of distinct organs is
the result of evolutionary forces that determine how genetic
pathways are implemented to regulate size and shape. How the
shape of a structure is determined is an interesting biological
problem, as the form of an organ is frequently related to its function.
Drosophila melanogaster is an organism well suited for this
analysis. The knowledge of genetic pathways and cell properties in
the fruitfly (and other organisms) has allowed the identification of
some mechanisms needed to confer shape (Gilmour et al., 2017).
These have been analyzed mostly in adult derivatives of imaginal
discs: groups of cells that grow during the larval period and
differentiate in pupal stages (Cohen, 1993). Awell-studied example
is the development of the wing. This appendage derives from a
region of the wing disc known as the wing pouch, and undergoes a
complex series of morphogenetic processes leading to the adult
shape (Baena-López et al., 2005; Etournay et al., 2015; Guirao et al.,
2015; Diaz de la Loza and Thompson, 2017).
The mechanisms that establish differences in shape between
organs are perhaps more amenable to be investigated when
comparing homologous structures, such as the two Drosophila
dorsal thoracic appendages, wings and halteres. Wings, which are
derived fromwing imaginal discs, emanate from the second thoracic
segment and are considerably larger than halteres, which are small
appendages that arise from the third thoracic segment and are
derived from haltere imaginal discs. Difference in size, however, is
not the only obvious distinction between wings and halteres: wings
are flat, whereas halteres have end-knob morphology, with a distal
part (capitellum) that is globular in nature. Importantly, this
structural difference has been shown to be crucial for a stable
flight (Dickinson, 1999). At the end of the larval period, wing and
haltere discs differ in size but are morphologically similar, both at
the cellular and disc levels. It is thus clear that the two structures
acquire characteristic flat (wing) and globular (haltere) shape during
the subsequent pupal development.
At the start of metamorphosis, the wing disc everts through its
peripodial membrane. The pouch region expands to form the wing
blade, dorsal and ventral surfaces appose, and the constituent
epithelial cells change from columnar to cuboidal. These events are
completed by 8 h after puparium formation (APF). Ventral and
dorsal surfaces separate and appose again by 18-20 h APF. Different
processes of morphogenesis and differentiation take place
afterwards, ending up with the formation of the adult wing
(Fristrom and Fristrom, 1975, 1993; Fristrom, 1976; Aldaz et al.,
2010; Díaz de la Loza and Thompson, 2017). Development of the
pupal haltere disc has not been described in as much detail.
Nevertheless, it has been reported that the morphology of epithelial
cells of the haltere disc starts to diverge from that of the wing disc
cells at 32-36 h APF, and that dorsal and ventral surfaces do not
appose in the distal haltere disc, with the pouch remaining hollow
throughout development (Roch and Akam, 2000).
The Hox gene Ultrabithorax (Ubx) is the master regulator of
haltere identity (Lewis, 1963). Ubx is present in the haltere disc, but
not in the wing disc, and Ubx function is necessary to generate
halteres. Furthermore, ectopic expression of Ubx in the wing disc is
sufficient to transform wings into halteres (Lewis, 1963; Cabrera
et al., 1985; White and Akam, 1985). Therefore, the distal globular
form of halteres depends on Ubx activity. Although this distinct
cellular architecture emerges during pupal development (Roch and
Akam, 2000), the precise identity of Ubx targets that control this
morphogenetic process is currently unknown. It is also unclear
when Ubx regulates haltere identity by preventing wingReceived 5 December 2017; Accepted 17 May 2018
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development in the haltere primordia, although Hox input appears
to be continuously needed until the beginning of differentiation
(Morata and García-Bellido, 1976; Roch and Akam, 2000).
To better understand how Ubx is generating haltere morphology,
we have undertaken a detailed analysis of the early pupal
development of both wing and haltere discs, and analyzed the role
ofUbx in generating the morphogenetic distinctions between the two
structures. We report here that Ubx engineers haltere morphogenesis
in the pre-pupal stage by inhibiting three important phenotypic traits
diagnostic of wing development: changes in cell shape, control
of adhesion competence between cell layers and regulation of
organ expansion. Ubx achieves this by downregulating Matrix
metalloproteinase 1 (Mmp1) expression in the haltere disc, thus
delaying elimination of the basal extracellular matrix (ECM). Our
results suggest that Ubx prevents haltere discs from acquiring the
flat wing morphology, at least in part, by controlling the elimination
of ECM in the first hours of pupal development.
RESULTS
The different shape between wings (flat; Fig. 1B) and halteres
(end-knob structures; Fig. 1D) is acquired during the pupal stage, as
larval wing and haltere discs have similar shapes (Fig. 1A,C).
We therefore analyzed the morphogenetic events leading up to the
generation of the adult structures after the larval stage.
Ubx prevents the haltere pouch from acquiring wing pouch-
like morphology and cellular architecture
The Drosophila wing blade structure results from the apposition of
the basal side of two epithelial monolayers. Previous studies have
shown that ventral and dorsal surfaces of the wing disc align in the
first hours of pupariation (Fristrom et al., 1993, 1994; Fristrom and
Fristrom, 1993;Aldaz et al., 2010). Therefore,we decided to compare
at this stage the development of the distal part of the wing and haltere
discs, the wing and haltere pouches, using phalloidin staining to
visualize F-actin. In most of our experiments we have focused on
analyzing frontal sections of the distalwing or haltere discs in order to
observe the basal ECM distribution in the lumen and to illustrate
differences in morphology and gene expression. At about 3 h APF
there is incipient apposition of dorsal and ventral layers in the wing
pouch, except in its central region, the presumptive L3 pre-vein
(Fristrom et al., 1994) (Fig. 1E). Three hours later, after disc eversion,
the tissue expands and the region of apposition increases (Fig. 1F). At
9 h APF, the dorsal and ventral layers are tightly apposed (Fristrom
and Fristrom, 1993; Fristrom et al., 1994; Blair, 2007) (Fig. 1G).
A different pattern is observed in the haltere disc. At about 3 h
APF dorsal and ventral surfaces do not start to align, and a large
lumen is observed in the distal part, corresponding to the
presumptive capitellum (Fig. 1H). Three hours later (6 h APF),
epithelial expansion is absent and so is dorso-ventral apposition
(Fig. 1I). Similar observations with respect to the absence of dorso-
ventral apposition have previously been described at late pupal
stages (Roch and Akam, 2000). At 9 h APF, the tight apposition and
zippering that takes place in the wing pouch are not observed in the
haltere pouch (Fig. 1J).
Close inspection of the discs at different time points indicated a
change in cell shape in the wing disc at late stages. In transverse
sections of the distal wing pouch, at 3 h APF, the epithelium shows a
columnar pseudostratified disposition (Fig. 2A); however, the cells
of the epithelium show a more isodiametric shape at 6 h APF and,
more clearly, at 9 h APF, as the wing disc expands (Fig. 2C,E).
At 3 h APF, the haltere disc cells show an elongated shape, similar
to that of the wing disc at the same stage (Fig. 2B). However, in
contrast to the wing disc, cells in the haltere primordium do not
change shape at 6 h or 9 h APF, thus keeping a columnar epithelial
organization (Fig. 2D,F).
Therefore, when comparing prepupal development of distal wing
and haltere discs, three main differences can be observed: (1) there is
apposition of dorsal and ventral layers in the wing pouch but not in
the haltere pouch; (2) the expansion observed in the wing pouch is
absent in the corresponding region of the haltere disc; and (3) wing
disc cells, but not haltere disc cells, becomemore isodiametric as the
disc expands and tightly apposes ventral and dorsal surfaces.
As the presence of Ubx is a crucial molecular distinguisher
between haltere and wing discs, we decided to analyze prepupal disc
Fig. 1. Wing and haltere discs acquire different shapes in
early pupa. (A) Third instar wing disc. (B) Adult wing. h, haltere.
(C) Third instar haltere disc. Note the similar shape of both discs.
(D) Haltere. Its globular shape differs from the flat wing. (E-J)
Optical frontal sections of the distal part of wing (E-G) and haltere
(H-J) discs at 3 h (E,H) (n=35), 6 h (F,I) (n=20) and 9 h (G,J) (n=15)
APF, stained with phalloidin. The wing disc apposes dorsal and
ventral surfaces, and extends as the pupa develops (F,G), whereas
the haltere disc remains unexpanded, and dorsal and ventral
surfaces do not appose (H-J). Scale bars: 25 μm.
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morphology in Haltere-mimic (Hm) mutants, in which Ubx is
derepressed in the wing disc and wings are transformed into halteres
(Lewis, 1982; Fig. S1A). In Hm animals, the wing disc fails to
display the characteristic expansion or the apposition of dorsal and
ventral surfaces, and resembles a haltere disc (Fig. S1B). Then, we
decided to focus on how Ubx activity suppresses disc elongation,
surface apposition and cell shape changes in the haltere disc.
Components of the basal ECM persist longer in the prepupal
haltere pouch than in the wing pouch
Some of the differences observed between the two disc structures
appear to be related to basal adhesion, suggesting a possible role of
basal lamina proteins in differentiating haltere and wing disc
development. In fact, ECM composition and remodeling has been
shown to be a key element in defining organ morphology (Hynes,
2009; Haigo and Bilder, 2011; Pastor-Pareja and Xu, 2011; Crest
et al., 2017). Furthermore, the analysis of genes regulated by Ubx in
the pupa has uncovered a small group of genes coding for proteins
that affect ECM turnover (Pavlopoulos and Akam, 2011). We
therefore wondered whether regulation of the ECM could prove to
be crucially different between the two appendages. We decided to
analyze ECM elements and their regulators in early pupal wing and
haltere discs.
There are four main basement membrane components in
Drosophila: Collagen IV (the most abundant one), Laminin,
Perlecan and Nidogen (LeBleu et al., 2007). We decided to
analyze the distribution of two of these components, Collagen IV
and Perlecan, for which there are well-characterized GFP protein
traps (Morin et al., 2001) inserted in the genes viking (vkg), coding
for one Collagen IV α chain (Yasothornsrikul et al., 1997), and
terribly reduced optic lobes (trol), coding for Perlecan (Voigt et al.,
2002; Park et al., 2003). We have followed Vkg-GFP and Trol-GFP
dynamics in fixed and ex-vivo imaginal discs.
At 3 h APF, there is an accumulation of Vkg-GFP basally, which
is mainly associated with the lumen (presumptive L3 vein), in the
distal region of the wing disc (Murray et al., 1995) (Fig. 3A,A′).
Three hours later, when the discs have everted, Vkg-GFP is hardly
detected in the lumen of the wing disc (Fig. 3C,C′) and its presence
disappears completely by 9 h APF (Fig. 3E,E′). In the 3 h APF
haltere disc, Vkg-GFP accumulation is associated exclusively with
the lumen and the levels are considerably higher than in the wing
disc (Fig. 3B,B′; see also Fig. 4A,B). At 6 h APF, and in contrast to
what is observed in the wing disc, there are still high levels of
Vkg-GFP in the basal side of the haltere pouch cells (Fig. 3D,D′).
The Vkg-GFP signal is almost completely lost from the basement
membrane at 9 h APF, when Collagen IV can be seen associated to
hemocytes inside the lumen (Fig. 3F,F′).
To further assess the dynamics of the ECM remodeling, we
decided to employ time-lapse imaging. In ex vivo cultures of
prepupal wing discs we observed that Vkg-GFP is lost in the wing
pouch before the complete retraction of the peripodial membrane,
which takes place before 6 h of prepupal development (Movie 1;
Fig. S2). In contrast, high amounts of Vkg-GFP are detected in the
pouch of haltere discs even after the eversion of the disc (Movie 2;
Fig. S3). The expression of a Trol-GFP protein trap follows similar
dynamics to Vkg-GFP in both discs: the Trol-GFP signal in the
wing pouch is lost during retraction of the peripodial membrane
(Movie 3; Fig. S4), whereas GFP expression is still observed in 6 h
APF haltere discs, after the eversion concludes (Movie 4; Fig. S5).
The correlation of Trol-GFP and Vkg-GFP expression is expected as
vkg is required for Perlecan deposition in the basement membranes
of imaginal discs (Pastor-Pareja and Xu, 2011). Taken together, our
results indicate that the elimination of basal ECM components in the
haltere disc of the prepupa is delayed when compared with the wing
disc of the same age.
Ubx downregulates Mmp1 expression and delays Vkg
degradation in the prepupal haltere pouch
The analysis presented in the preceding sections suggests that Ubx
(present in the haltere disc and absent in the wing disc) delays Vkg
and Perlecan degradation in the prepupal haltere pouch when
compared with the wing pouch. These ECM components are
synthesized in the fat body, secreted into the hemolymph and
incorporated into the basement membrane of the discs (Pastor-
Pareja and Xu, 2011). Thus, it is unlikely that Ubx regulates vkg or
trol transcription in the haltere pouch in a disc-autonomous manner.
Because Matrix metalloproteinases (Mmps) and Tissue inhibitor of
metalloproteinases (Timp) control ECM turnover (Page-McCaw,
2008), we hypothesized that Ubx might regulate ECM remodeling
indirectly by controlling the expression of these proteins. There are
two genes coding for metalloproteinases in Drosophila, Mmp1 and
Mmp2. Although it was initially thought that Mmp1 codes for a
secreted protein and Mmp2 codes for a protein tethered to the
membrane (Llano et al., 2000, 2002; Page-McCaw et al., 2003;
Page-McCaw, 2008), both membrane-anchored and secreted
isoforms of both proteins have recently been reported (LaFever
et al., 2017).
Metalloproteinases are inhibited by Timp, and the Drosophila
genome harbors a single gene coding for Timp (Godenschwege
et al., 2000; Wei et al., 2003; Page-McCaw, 2008). In the fly, Timp
Fig. 2. Changes in cell shape occur in the prepupal wing disc but not in the
haltere disc. (A-F) Optical transverse sections of the distal wing (A,C,E) and
haltere (B,D,F) discs at 3 h (A,B) (n=7), 6 h (C,D) (n=4) and 9 h (E,F) (n=6) APF,
stained with phalloidin. The distal part of the appendage is at the bottom.
At 3 h APF, cells of the distal wing region show the columnar shape of the third
instar imaginal disc (A), but show a more isodiametric shape at 6 h and 9 h
APF (C,E) as the disc extends. By contrast, haltere pouch cells maintain the
elongated shape at 3 h, 6 h and 9 h APF (B,D,F). Scale bar: 5 μm.
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abrogates Mmp1 and Mmp2 activity completely (Page-McCaw
et al., 2003). Metalloproteinases remodel tissue by degrading the
Collagen IV-containing basement membrane (Srivastava et al.,
2007) and, interestingly, Mmp1, Mmp2 and Timp have been
identified as targets of Ubx (Pavlopoulos and Akam, 2011): Mmp1
is downregulated by Ubx in pupal stage whereas Mmp2 and Timp
are upregulated by Ubx in late larval and pupal stages, respectively.
All these data prompted us to analyze whether or not the delay in the
elimination of Collagen IV in the prepupal haltere disc, with respect
to the wing disc, might result from Ubx-mediated regulation of
metalloproteinase activity.
To test this, we first analyzed Mmp1 and Mmp2 expression in
wing and haltere prepupal discs. Mmp2 expression can be detected
with an Mmp2-GFP line (Deady et al., 2015). The GFP signal is
non-uniformly distributed in both wing and haltere prepupal discs,
and there appears to be higher expression levels in groups of cells of
the wing pouch than in the corresponding region of the haltere
pouch; however, these cells are mainly in the peripheral region of
the disc (Fig. S6A,B). To carefully compare the relative levels of
Mmp2-GFP levels in the two discs, we looked at the GFP signal in
Mmp2-GFP pbxmutants, in which the posterior compartment of the
haltere disc is transformed into the corresponding region of the wing
disc. As shown in Fig. S6C,C′, in pbx haltere discs there appears to
be only a somewhat higher Mmp2-GFP expression in the dorsal, but
not the ventral, cells contacting the lumen, in the mutant (wing-like)
compartment.
A significant difference is readily observed, by contrast, when
studying Mmp1 expression with an anti-Mmp1 antibody: the wing
pouch lumen shows notably higher levels of Mmp1 protein than the
haltere pouch at the same stage (Fig. 4A,B). When comparing
simultaneously Vkg-GFP and Mmp1 expression in both discs at 3 h
APF we noticed that, in the wing pouch, the higher levels of Mmp1
were correlated with lower Vkg-GFP signal, and the reversewas true
for the distal haltere disc (Fig. 4A,B). Quantification of such levels
in eight wing and haltere disc pairs showed that the wing disc lumen
accumulated about twice as much Mmp1 as did the haltere disc
lumen, and that the level of Vkg-GFP in the former is ∼40% lower
than in the latter, after normalization (Fig. 4C). We have also
observed consistent results with high-throughput techniques
identifying genes that are regulated by Ubx and differentially
expressed between wing and haltere discs of third instar larvae.
Although ChIP-seq suggests that both Mmp1 and Mmp2 are direct
targets of Ubx, RNA-seq data suggest that only transcripts ofMmp1
(one isoform), and not of Mmp2, are differentially expressed
(S. Khan and L.S.S., unpublished observations).
We have also analyzed Timp expression in prepupal wing and
haltere discs by in situ hybridization (ISH) because no antibody
against Timp or Timp protein trap is available. Timp RNA is
distributed in small, discrete patches in the 3 h APF wild-type
wing disc; none of these is close to the lumen (Fig. 4D). In the
haltere disc, by contrast, there appear to be two patches of Timp-
expressing cells abutting the lumen (Fig. 4E). However, as we could
not detect protein expression, the possible difference in distribution
of Timp protein between the two discs in the lumen, and therefore
possible Mmp1 inactivation, could not be properly assessed.
The differences in Mmp1 and Vkg-GFP expression between
wing and haltere discs suggestUbx-mediated control. If so, ‘gain’ or
‘loss’ of Ubx activity ought to result in reciprocal changes in the
expression of these genes in both wing and haltere discs. To test this
in the mutant conditions, in this and the following experiments
we selected 3 h and 6 h APF as the best time-points to show the
different Mmp1 and Vkg-GFP signals between wing and haltere
Fig. 3. Vkg-GFP decays more rapidly in prepupal wing discs
than in haltere discs. Optical frontal sections of Vkg-GFP distal
wing (A,A′,C,C′,E,E′) and haltere (B,B′,D,D′,F,F′) discs of 3 h
(A-B′) (n=11), 6 h (C-D′) (n=6) and 9 h (E-F′) (n=6) APF, showing
GFP signal and stained with phalloidin. In the wing disc, Vkg-
GFP signal is observed in the basal membrane at 3 h APF
(A, arrowhead in A′), decays at 6 h APF (C, arrowhead in C′) and no
traces are detected at 9 h APF (E,E′). By contrast, in the haltere
pouch, Vkg-GFP remains at high levels at 3 h (B, arrowhead in B′)
and 6 h APF (D, arrowhead in D′), and decays later on, showing
signal in only hemocytes (F, arrow in F′). Scale bars: 25 μm.
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discs. When Ubx levels were compromised by employing an
UbxRNAi construct driven by the scalloped (sd)-Gal4 line, which
directs expression in the appendage region of both wing and haltere
discs (Klein et al., 1997), we observed a significant increase in
Mmp1 accumulation (Fig. 4F, compare with 4B), and reduction of
Vkg-GFP (compare Fig. 4G with Fig. 3D), in the distal haltere disc.
Conversely, if Ubx is expressed ectopically in the wing disc (Hm
mutants), Mmp1 expression is reduced by ∼50% (Fig. 4H, compare
with 4A) and Vkg-GFP signal is significantly increased (compare
Fig. 4I with Fig. 3C). These results, for the 3 h APF discs, are
quantified and compared with the wild-type levels in Fig. 4C.
Mmp1 and Timp regulate Vkg-GFP expression and organ
shape
We have shown that Mmp1 expression and Vkg-GFP abundance
appear inversely correlated in wing and haltere discs, and also that
decreasing levels of Vkg-GFP coincide with significant
morphological changes in the wing disc. We resolved to analyze
whether changes in Mmp1 activity were responsible for the
differences in Vkg-GFP presence and morphology between the
two discs, with a further analysis of the possible impact on adult
morphology. At 6 h APF, overexpression of Timp in the wing pouch
prevents the elimination of Vkg-GFP in the basal side of the cells; in
addition, there is neither apposition of tissue layers nor expansion of
the tissue (Fig. 5A,A′). The cells exhibit an elongated shape,
resembling thewild-type 6 h APF haltere cells and not the wild-type
wing disc cells of the same stage (compare Fig. 5B with Fig. 2C,D).
In this mutant condition, therefore, the distal wing disc adopts
several characteristics of the haltere disc. In the haltere pouch, Timp
overexpression does not elicit significant changes at 3 h or 6 h APF,
although the morphology in frontal sections appears rounder than in
the wild type (Fig. 5C).
Next, we studied the possible effect in adult appendage
development of expressing Timp with sd-Gal4. As this driver is
inserted on the X chromosome, and therefore dosage compensated,
there is high male lethality in this and other mutant combinations.
We therefore focused our study on females heterozygous for the
Gal4 insertion. Increasing Timp expression in the wing pouch led to
animals with abnormal wings, shorter than in the wild type, and in
which dorsal and ventral surfaces were not apposed (Fig. 5E,
compare with the wild type in 5D). The halteres in most of these
animals (in 28/39 females) presented a more globular capitellum
than in the wild type, with a square-like shape (compare Fig. 5I with
5H, thewild type). Avery similar phenotype in wings and halteres is
observed if Timp expression is induced only in middle-late third
instar larvae (in sd-Gal4 tub-Gal80ts UAS-Timp flies shifted from
17°C to 29°C; Fig. 5F,J). By contrast, if these flies are shifted to 29°
C at 12 h APF, the flies are wild type, suggesting that regulation of
Mmp activity is important only prior to this time-point (Fig. 5G,K).
We performed the reciprocal set of experiments by increasing
Mmp1 expression. The induction of high Mmp1 levels with the sd-
Gal4 line resulted in high larval lethality, so we used the Gal4/
Gal80ts system and temperature-shift experiments with 24 h
resolution to reduce the lethality rate. When we expressed Mmp1
in the haltere pouch in middle-late third instar larvae, we observed
elimination of most Vkg-GFP expression at 6 h APF, but no dorso-
ventral apposition (Fig. 6A). The epithelium is no longer
pseudostratified, resembling more the epithelium of the 6 h APF
wild-type wing disc than that of the 6 h APF wild-type haltere disc
(Fig. 6B, compare with 6C, the wild-type haltere disc). The wing
disc of the prepupa overexpressingMmp1 does not differ much from
the wild type (not shown). Adult flies emerging after this treatment
presented reduced or crumpled (but flat) wings, whereas others
showed a dumpy phenotype (Fig. 6D). Halteres in nearly 50% of the
flies (8/18) have an elongated and flattened capitellum (compare
Fig. 6G with the wild type in Fig. 5H). Interestingly, if Mmp1
expression is induced earlier, at the early-middle third larval instar
stage, the capitellum of the halteres was, in most cases (7/11),
significantly flatter and more elongated than in the wild type
(Fig. 6H). The wings also presented the crumpled phenotype
observed when the temperature shift was made at middle-late third
Fig. 4. Ubx regulates Mmp1 and Vkg levels in the haltere pouch.
(A,B) Optical frontal sections showing that at 3 h APF, the amount of Mmp1
(red) is higher, but that of Vkg-GFP (green) is lower, in the wing disc (A) (n=8)
compared with in the haltere disc (B) (n=8). Phalloidin is shown in white.
(C) Quantification of Mmp1 and Vkg-GFP levels in the 3 h APF wing (wild type
and Hm) and haltere (wild type and sd-Gal4 UAS-dsUbx DfUbx109) discs.
The expression in the wing disc has been normalized to 1 (arbitrary units).
Data are mean±s.d. *P<0.01. (D,E) ISH with a Timp probe in 3 h APF wing
(D) (n=30) and haltere (E) (n=27) imaginal discs, showing RNA expression
close to the haltere pouch but not the wing pouch (arrows). (F,G) Optical frontal
sections of a 3 h (F) and 6 h (G) APF sd-Gal4 UAS-dsUbx DfUbx109 haltere
disc, showing increasedMmp1 expression (F) (n=7) and lower Vkg-GFP signal
(G) (n=6) with respect to the wild type. Note also the apposition of dorsal and
ventral surfaces. (H) In 3 h APF Hm wing discs, the expression of Mmp1 is
drastically reduced (some remaining signal is indicated by an arrowhead)
(n=7). (I) Optical frontal section of the distal part of an Hm/Vkg-GFP prepupal
wing disc at 6 h APF, showing that the ectopic expression of Ubx prevents Vkg
degradation (compare with the wild type in 3C) (n=6). Scale bars: 21 μm.
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instar larvae (Fig. 6E). As seen when overexpressing Timp, forcing
Mmp1 expression at 12 h APF onwards is immaterial to wing
development and most halteres also develop normally (Fig. 6F,I).
Finally, we analyzed whether the changes in Vkg-GFP
expression observed when Ubx expression is modified were
mediated by the regulation of Mmps. In pupae in which we
simultaneously reduce Ubx expression and Mmp activity (sd-Gal4
UAS-dsUbxUAS-Timp) the haltere discs show, at 6 h APF, the ring
of Vkg-GFP expression and the lack of expansion and dorso-ventral
apposition that are characteristic of the wild-type haltere, and not of
the Ubx-mutant haltere (Fig. 6J, compare with sd-Gal4 UAS-dsUbx
haltere disc in Fig. 4G). This strongly suggests that Ubx regulates
Vkg-GFP expression andmorphology through the control ofMmps.
We also analyzed whether changes in Ubx expression during the
third larval instar stage cause phenotypes related to those observed
when modifying Mmp1. If Ubx is downregulated in the early-
middle third larval stage, the halteres are transformed into small
wings, most of which are flat (17/27) (compare Fig. 7B with the
control haltere in 7A). Some of these winglets have, for unknown
reasons, dark patches. By contrast, if Ubx expression is reduced at
the late third larval stage, the halteres are enlarged but globular
(Fig. 7C). These data suggest that the size of the transformation to
wing correlate to a certain extent with appendage shape: bigger
transformations make flatter organs whereas small transformations
produce a globular shape.
Taken together, our results indicate that: (1) the levels of Mmp1
in the wing pouch lumen are significantly higher than in the
corresponding haltere lumen at the first 3 h of prepupal
development; (2) this higher expression negatively correlates with
Vkg-GFP levels in the basal membrane of the wing disc, and Vkg-
GFP persists longer in the distal haltere disc than in the distal wing
disc; (3) Ubx, which is expressed only in the haltere disc, maintains
Vkg-GFP levels in the haltere pouch for longer, most likely by
directly downregulatingMmp1 expression; and (4) changes in Mmp
activity impact pupal disc shape and adult appendage morphology –
halteres elongate and get flatter if Mmp1 expression is increased,
and wings shorten and get inflated if Mmp activity is reduced.
DISCUSSION
The homeotic gene Ubx has served as a paradigm of cell fate
determination mediated via transcriptional regulation. Ubx is one of
the few well-characterized master control genes, as its activity is
necessary and sufficient for haltere fate specification. Although a
number of transcriptional targets of Ubx have been identified using
different molecular strategies, how individual targets contribute to
the molecular and biochemical composition of the haltere structure
remains unclear. Equally elusive are the components of the
morphogenetic pathways that influence the development of the
specific structural and morphological characteristics of the halteres.
As Ubx activity is necessary to suppress wing fate, comparative
analysis employing molecular and biochemical criteria between the
two structures has proven to be highly instructive. Here, we have
addressed howUbx controls organ shape to prevent the flat shape of
the wings and develop the globular form of the halteres. Our results
show that the presence of Ubx in the haltere disc directs its shape by
controlling the ECM dynamics in the prepupal haltere pouch.
Importantly, our data reveal that the molecular target Mmp1 assists
Ubx in achieving this task. This regulation prevents the expansion
and apposition observed in the wing pouch and consequently,
instead of a flat wing-like structure, a globular-shaped haltere
emerges. A summary of our results is shown in Fig. 8.
Ubx and regulation of ECM component expression
Previous studies have reported Collagen IV expression (and other
components of the ECM) in the pupal wing disc (Fristrom et al.,
1993; Murray et al., 1995). By using GFP protein trap lines, and in
fixed tissue, we have shown that Perlecan and Collagen IV are
eliminated from thewing pouch at 6 h APF because of high levels of
Fig. 5. Reducing Mmp activity modifies prepupal wing and haltere disc shape, and adult appendage morphology. (A,A′) Optical frontal section of
a 6 h APF distal wing disc overexpressing Timp (sd-Gal4 Vkg-GFP UAS-Timp): Vkg-GFP is not degraded, the disc shows a globular shape, and there is no
elongation or apposition of dorsal and ventral surfaces (n=7). (B) Boxed area in A. The cells present an elongated shape, similar to wild-type haltere (but not wing)
cells at this stage. (C) Optical frontal section of a 6 h APF sd-Gal4 UAS-Timp distal haltere disc, showing a round shape (n=4). (D)Wild-type fly, showing flat wings.
(E) In sd-Gal4 UAS-Timp animals, grown at 29°C, the wings are shorter and do not appose their dorsal and ventral surfaces (36/39). (F) A similar phenotype
is observed in sd-Gal4 tub-Gal80ts UAS-Timp flies, shifted from 17°C to 29°C at late third larval instar (lL3) (34/36). (G) If the shift is made at 12 h APF, the
flies have normal wings (n=8). (H) Detail of a wild-type haltere. (I) In sd-Gal4 UAS-Timp flies grown at 29°C most of the halteres are globe shaped (28/39).
(J) A sd-Gal4 UAS-Timp tub-Gal80ts fly shifted from 17°C to 29°C at about the middle-late third larval instar: the capitellum is more globular than in the wild type
(30/36). (K) When pupae from this genotype are shifted from 17°C to 29°C at 12 h APF, the capitellum is wild type (n=8). Black arrowheads indicate normal
development; red arrowheads indicate abnormal development. Scale bars: 21 μm.
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Mmp1 activity, but persist at this stage in the haltere pouch.
A microarray analysis of genes regulated by Ubx in the pupal
haltere disc also identified Mmp1 as a Ubx target, although the
precise spatial and temporal expression of this gene was not
described (Pavlopoulos and Akam, 2011). Our analysis shows
that Ubx downregulates Mmp1 expression in the haltere pouch at
3 h and 6 h APF, and that Mmp1 degrades Collagen IV. By
contrast, contribution of Mmp2 to this regulation, based on its
distribution, is probably negligible. We have also expressed an
Mmp2RNAi line in wing and haltere discs with the sd-Gal4 driver
but found no phenotype (not shown). Our data thus argue that the
ability of Ubx to attenuate Mmp1 activity is crucial for haltere
disc morphogenesis.
There is a correlation between elimination of vkg in wing discs
at 6 h APF and pouch cells acquiring a more isodiametric shape.
Our results are consistent with previous studies showing that
the basement membrane constricts cells to give the columnar shape
to the disc cells, and that upon degradation of ECM there is
transition from a columnar pseudostratified epithelium to a cuboidal
epithelium and a flattening of the tissue (Domínguez-Jiménez et al.,
2007; Pastor-Pareja and Xu, 2011). This is what we observed in the
wild-type pupal wing disc. Therefore, the rapid clearance of
the ECM in the wing disc would lead to two events: first, the tissue
expands as the shape of the cells changes from columnar to
cuboidal; and second, the dorsal and ventral epithelia appose. If we
inactivateMmp1 and prevent Vkg degradation by expressingUbx or
Timp, there is no dorso-ventral apposition and no expansion, thus
resembling haltere disc development. Supporting our conclusions,
previous experiments have reported that dorso-ventral adhesion is
sensitive to ectopic Ubx only during the larval and prepupal stages
(Pavlopoulos andAkam, 2011). This latter result also suggests that the
second separation and adhesion of wing surfaces, which take place
after prepupa (Fristrom et al., 1993), may not be as relevant for Ubx
control of dorso-ventral adhesion as the gene regulation we have
described at 3-6 h APF. Our data, therefore, strongly suggest that
elimination of the ECM in the basal side of the wing pouch cells is
indispensable for the flattening and expansion of the tissue and
development of the wing. By preventing Mmp activity, and so
preserving ECM integrity, ectopic Ubx makes the prepupal wing
pouch acquire a haltere pouch-like shape. In thewild-type haltere disc,
by reducing Mmp1 expression Ubx delays basal ECM degradation,
the transition from columnar to cuboidal epithelium, the early disc
expansion, and the apposition of dorsal and ventral layers.
Even though the presence of ECM in the basal membrane,
which is regulated by Ubx, is enough to prevent a wing shape, the
absence of this regulation in the prepupa may not be sufficient to
give a wing-like form to the haltere disc. If we force Mmp1
expression in the haltere pouch, Vkg-GFP signal is not observed
at 6 h APF and the epithelium is no longer pseudostratified, as in
the wild-type wing pouch. However, ventral and dorsal layers do
not make contact and there is no expansion of the tissue. We also
noted that in the 9 h APF wild-type haltere pouch there is no
Collagen IV in the basement membrane (and we do not know the
mechanism that degrades it), but the shape of the cells and the
absence of dorso-ventral apposition is different from the 9 h APF
wing pouch. Apart from Mmp1, other genes are likely to have
an impact in distinguishing wing and haltere morphology.
Fig. 6. Increasing Mmp1 expression changes prepupal wing and haltere
disc shape, and adult wing and haltere morphology. (A) In a sd-Gal4
UAS-Mmp1 Vkg-GFP tub-Gal80ts haltere pouch at 6 h APF, after induction of
Mmp1 at the middle third instar, Vkg-GFP expression is not detected in the
basement membrane (compare with the wild type in Fig. 3D) (n=7). (B,C) In
optical transverse sections of these discs (distal part at the bottom) an increase
in lumen size is observed, and the epithelium is cuboidal (B), rather than
columnar pseudostratified, as in thewild type (C; see also Fig. 2D) (n=4). (D) In
sd-Gal4 UAS-Mmp1 tub-Gal80ts flies shifted from 17°C to 29°C at about
middle-late third instar larvae (sd>Mmp1 lL3) (n=18), several of the flies showa
dumpy phenotype. About half of these flies (8/18) have halteres that show
elongation and flattening of the capitellum (G; thewild type in Fig. 5H). (E) If the
temperature shift is made at early-middle of the third larval instar (sd>Mmp1
eL3), the adults show crumpled wings (n=11). (H) The halteres of most of these
flies (7/11) are elongated and flattened, very noticeably in some specimens.
(F,I) If the temperature shift is made at 12 h APF, the adults show wild-type
wings and halteres (n=15). (J) Frontal section of a 6 h APF sd-Gal4 UAS-
dsUbx UAS-Timp tub-Gal80ts prepupa after a change from 17°C to 29°C at
early third larval stage. There is a ring of Vkg-GFP expression at the basal side
of cells abutting the lumen, and the disc has a haltere-likemorphology (no dorso-
ventral apposition or expansion), much more similar to sd-Gal4 UAS-Timp
wing discs than to sd-Gal4 UAS-dsUbx Df109 haltere discs (compare with
Fig. 5A and Fig. 4G) (n=10). Black arrowheads indicate normal development;
red arrowheads indicate abnormal development. Scale bars: 21 μm.
Fig. 7. Effect of downregulation of Ubx on size and shape. (A) Control
haltere of an sd-Gal4 UAS-dsUbx Df109 tub-Gal80ts fly grown at 17°C. The
capitellum is slightly enlarged because of the haploinsufficiency for Ubx
(Df109). (B) If larvae of the same genotype are shifted from 17°C to 29°C at
about early third instar (sd>Ubxi eLIII), the halteres are transformed into small
wings, most of them flat (17/27). (C) By contrast, if larvae of the same genotype
undergo this shift at about late third instar (sd>Ubxi lLIII), the halteres are
enlarged, but are much smaller than the wings of the early shift and globular in
shape (40/42). Black arrow indicates normal development; red arrows indicate
abnormal development.
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For example, blistered (Fristrom et al., 1994) and laminin genes
(Henchcliffe et al., 1993; Martin et al., 1999) are required to
maintain a flat wing blade, and mutations in genes such as dumpy,
piopio orminiature, which encode apical matrix proteins, also cause
abnormal wing development (Carlson, 1959; Prout et al., 1997;
Wilkin et al., 2000; Jazẃin ́ska et al., 2003; Roch et al., 2003; Bökel
et al., 2005; Ray et al., 2015). All these genes have been shown to be
regulated by Ubx at different developmental stages (Roch et al.,
1998; Slattery et al., 2011; Pavlopoulos and Akam, 2011). However,
we have analyzed Laminin A expression (Sarov et al., 2016) and
found no major difference between wing and haltere prepupal discs
at 3-9 h APF (not shown). The apposition of dorsal and ventral
surfaces probably needs the cooperation of mechanisms regulating
apical and basal ECM proteins, and thewayUbxmight control them
to distinguish haltere from wing shape remains unexplored.
Timp and Mmp activity, and organ shape
The differences in ECM dynamics affect adult organ shape: changes
inMmp1 activity impact pupal disc shape and adult dorsal appendage
morphology. The interpretation of the results is somehow complicated
because of the high lethality observed when expressing Mmp1 at
certain developmental stages. However, we find a broad correlation
between Mmp1 activity and organ shape: if Mmp1 expression is
increased, halteres are longer and flatter, and wings are shorter and
crumpled; if Mmp1 activity is reduced, the halteres are more round,
and wings are shorter and more globular. Timing of major gene
requirement for Mmp1 expression does not seem to be the same for
wing and haltere discs. Elevated Timp expression in the wing disc at
late larval stages, or throughout development, prevents apposition of
dorsal and ventral layers and expansion of the pouch, and the adults
have inflated and abnormal wings. AlthoughMmp1 expression in the
haltere disc is low, high levels of Timp result in halteres with a slightly
more globular form, suggesting that further reduction of Mmp1 and
Mmp2 activity impacts haltere shape. Interestingly, the effects
observed in both appendages occur when Timp is expressed in
middle-late third instar larvae onwards, but not after 12 h APF.
Therefore, the time when Timp expression affects appendage
morphology includes the prepupal stage, when Mmp activity
regulates the presence of Vkg-GFP.
In contrast, when Mmp1 expression is forced in the haltere disc
we see elongation and flattening of the haltere, but this diminishes if
the expression is induced in late third instar larvae, suggesting
Mmp1 might affect haltere shape mainly, but not exclusively, at the
early-middle third larval stage. It seems, therefore, that Ubx might
control other pathways to maintain the globular haltere shape, even
if Vkg is absent in prepupal stages. Supporting this, it has been
demonstrated that simultaneous activation of the Akt pathway and
downregulation of expanded (or activation of Yorkie) in the haltere
disc also results in flattened halteres (Singh et al., 2015). These
mechanisms might contribute to maintain the globular shape of the
haltere pouch throughout the rest of the pupal development to form
the adult appendage.
The control of size and shape by Ubx
The formation of an organ requires the coordination of mechanisms
that regulate size, shape and differentiation. Ubx regulates haltere
disc size by controlling the Decapentaplegic and Hippo pathways
(Crickmore andMann, 2006; de Navas et al., 2006; Makhijani et al.,
2007; Singh et al., 2015). Most of these observations are based on
Ubx-mediated regulation of patterning events in the third instar
larval stage. Our results reported here suggest thatUbxmay, to some
extent, regulate haltere shape early in third instar larvae and that
elimination of the Hox protein immediately before pupariation may
change cell fate but not organ shape. A delayed effect of Ubx
activity was also reported in the control of haltere cell differentiation
(Roch and Akam, 2000). We also noticed that timing of Ubx
expression, shape and size, might correlate in appendage
development. The early downregulation of Ubx makes large
appendages that are flat (small wings), but late downregulation
produces smaller appendages that are globular. Although early
overexpression of Mmp1 makes halteres slightly bigger and flatter
than those of the wild type, the conversion to a completely flat
appendage might require its reaching a critical size. Cell
differentiation, by contrast, might be changed by Ubx expression
in pupal stages (Roch and Akam, 2000), suggesting differentiation
might be uncoupled from size and shape. Further studies are
required to understand how Ubx regulates gene expression to
coordinate size, shape and differentiation in haltere development.
Fig. 8. Model of Ubx activity and the control of appendage shape. Simplified scheme of the early development of wing and haltere pupal discs, and the
role of Ubx in the haltere disc. In the wing pouch, Mmp1 expression at 3 h APF degrades Vkg and allows wing development. In the haltere pouch, Ubx
downregulates Mmp1 expression and therefore Vkg is not degraded. As a result, the expansion of the disc and apposition of dorsal and ventral surfaces, which
are observed in the wing pouch, are prevented. There is probably also Timp protein expression in the haltere disc, and a role for laminins and other ECM
components in determining shape.
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MATERIALS AND METHODS
Genetics
The following mutations were used: pbx1 (Lewis, 1963), DfUbx109 (Lewis,
1978) and Hm (Lewis, 1982). The Gal4/UAS system (Brand and Perrimon,
1993) was used to drive or inactivate gene expression with the following Gal4
and UAS lines: sd-Gal4 (Calleja et al., 1996), UAS-dsUbx (Monier et al.,
2005), andUAS-Mmp1 andUAS-Timp (Page-McCawet al., 2003). Other lines
used were Mmp2-GFP (Deady et al., 2015), vkg-GFP (vkgG454) and trol-GFP
(trolGFPZCL1700) (Morin et al., 2001), and DE-cad-Tomato (Huang et al.,
2009). To activate or inactivate genes at precise times, we used the Gal4/Gal80ts
system (McGuire et al., 2003). The white pupa stage was taken as 0 h APF.
Immunochemistry
Staining of imaginal discs was performed as described previously (Roch and
Akam, 2000), with slight modifications. The experiments comparing wing
and haltere discs were carried out with the same experimental conditions of
fixation, staining and acquisition using a confocal microscope. We used a
mouse anti-Mmp1monoclonal antibody cocktail (Page-McCaw et al., 2003;
Developmental Studies Hybridoma Bank, 3A6B4, 3B8D12 and 5H7B11,
1:50), and TRITC-phalloidin (Sigma Aldrich, 1:200), Phalloidin-Atto
488 and Phalloidin-Atto 647N (Life Technologies, 1:200) to detect F-actin.
Secondary antibodies were anti-mouse Alexa Fluor 448 and 555
(ThermoFisher Scientific, A-21202 and A-31570, respectively, 1:100).
Images were taken with LSM710 vertical and LSM710 inverted
multiphoton microscopes (Zeiss).
In situ hybridization
ISH was carried out as described in Wolff (2000). The probes were generated
using the cDNA GH26186 from the collection of expression sequence tags
(ESTs) of the Berkeley Drosophila Genome Project, with RNA polymerase
T7 and SP6 promoter sequences in its ends. The transcription was carried out
using the RNA polymerases T7 or SP6 (Roche) for 2 h.
Time-lapse movies
Time-lapse movies were captured of ex vivo imaginal discs as described in
Aldaz et al. (2010) and Guarner et al. (2014), with small modifications. The
time of development observed in the movies does not exactly agree with the
time of development in pupae. We have taken the retraction of the peripodial
membrane, which occurs at around 4 h APF, and the disc eversion as
reference time points to analyze the presence of Vkg-GFP and Trol-GFP.
Measurements and statistical analysis
To quantify Mmp1 and Vkg-GFP levels in wing and haltere discs, we took
pairs of discs from the same pupa and measured the intensity in 3 h APF wing
and haltere segmented lumens using a user-mademacro for phalloidin channel
in FIJI. An RStudio macro was generated to normalize and generate a wing/
haltere ratio, which was later implemented in Excel (Microsoft) to generate the
average graphs. Analysis for both Mmp1 and Vkg-GFP was performed on six
to eight discs. Images were taken using LSM710 vertical and LSM710
inverted multiphoton microscopes. A two-tailed Mann–Whitney–Wilcoxon
test was used to compare wild-type wing and haltere samples, wild-type and
Hm wings, and wild-type and sd-Gal4 UAS-UbxRNAi halteres.
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